Introduction
============

Neuronal precursor cell expressed developmentally downregulated 4 (Nedd4) proteins are E3 ubiquitin ligases that belong to the HECT family. They are composed of an N-terminal C2 domain that directs subcellular localization or mediate intra-molecular inhibitory interactions, multiple WW domains (usually three or four) that recognize substrates by binding to PY motifs (PPxY or LPxY), and a ubiquitin ligase HECT domain (Rotin and Kumar, [@B64]). In mammals, there are eight or nine Nedd4 family members, including the closely related Nedd4 (Nedd4-1) and Nedd4-2 (NEDD4L; Yang and Kumar, [@B85]). While recent *in vivo* work has suggested that Nedd4 is involved in regulating cellular growth, differentiation and animal development (e.g., Cao et al., [@B13]; Yang et al., [@B84]; Liu et al., [@B48]; Fouladkou et al., [@B30]; Kawabe et al., [@B40]; Persaud et al., [@B59]), Nedd4-2 has been primarily demonstrated to regulate ion transport by controlling cellular trafficking/endocytosis and lysosomal degradation of ion channels and transporters. Of these, recent work on the regulation of epithelial salt and fluid transport by Nedd4-2 in the kidney and lung, using animal models, has received considerable attention, and is therefore the focus of this review.

Regulation of ENaC by Nedd4-2 in Kidney and Lung Epithelia
==========================================================

The amiloride-sensitive epithelial Na^+^ channel (ENaC) plays a critical role in regulating salt and fluid absorption in epithelia of the distal nephron, lung, distal colon, and other salt-absorbing tissues. In accord, loss of function (LOF) mutations in ENaC cause pseudohypoaldosteronism Type I (PHAI), and gain of function (GOF) mutations cause pseudoaldosteronism (Liddle syndrome, a hereditary hypertension), underscoring the importance of this channel for Na^+^ and fluid absorption in the kidney (Lifton et al., [@B47]). Similar diseases are also observed in knock in mice bearing the same mutations found in PHAI or Liddle syndrome patients, respectively; moreover, total ablation of ENaC in mice leads to severe pulmonary edema (Hummler and Vallon, [@B35]). ENaC function is up-regulated by the hormones aldosterone and vasopressin (ADH) in the kidney, and by glucocorticoids in the lung (Loffing and Korbmacher, [@B49]).

Epithelial Na^+^ channel is expressed in the distal convoluted tubules (DCT), connecting tubules (CNT), and cortical collecting ducts (CCD) of the distal nephron (Duc et al., [@B23]), and is composed of three subunits, αβγ (Canessa et al., [@B12]); A PY motif is present at the cytoplasmic C-terminal region of each ENaC subunit (Snyder et al., [@B73]; Schild et al., [@B65]; Staub et al., [@B74]). Liddle syndrome is caused by deletion or mutation of the PY motif of β or γ ENaC (Shimkets et al., [@B68]; Hansson et al., [@B31],[@B32]; Lifton et al., [@B47]). These PY motifs serve as binding sites for Nedd4 proteins (Staub et al., [@B74]), especially Nedd4-2 (Abriel et al., [@B1]; Harvey et al., [@B33]; Kamynina et al., [@B39]; Snyder et al., [@B71]). Like other Nedd4 family members, Nedd4-2 is comprised of a C2-WW(x4)-HECT domain architecture. This E3 ligase binds, via it WW domain, to the PY motifs of ENaC, leading to channel ubiquitylation and endocytosis, thus suppressing ENaC function (Figure [1](#F1){ref-type="fig"}A); this suppression is alleviated in Liddle syndrome (PY motif) mutants, which cannot properly bind Nedd4-2 (Figure [1](#F1){ref-type="fig"}B) and hence are retained at the plasma membrane for prolonged times (Staub et al., [@B74], [@B75]; Abriel et al., [@B1]; Kamynina et al., [@B39]; Lu et al., [@B52]; Wiemuth et al., [@B79]; Zhou et al., [@B88]). Such ENaC retention leads to excessive channel function and Na^+^ reabsorption, which significantly contributes to the development of hypertension in these Liddle patients. The PY motifs of ENaC also regulate its response to intracellular Na^+^ concentrations, because the normal feedback inhibition by Na^+^ seen in wildtype ENaC is inhibited in the PY motif mutants of this channel (Dinudom et al., [@B21]; Kellenberger et al., [@B41]; Palmer et al., [@B58]).

![**Regulation of ENaC and NCC by Nedd4-2**. **(A)** Under resting conditions, Nedd4-2 inhibits ENaC and NCC, as does WNK4, ensuring no excess Na^+^ (and fluid) reabsorption takes place, especially in the kidney. An alternative model suggests that WNK4 activates NCC to a low degree by activating the kinases SPAK and OSR1, which then phosphorylate (P) NCC. WNK4 also inhibits the K^+^ channel ROMK, to restrain K^+^ excretion. **(B)** In Liddle syndrome, PY motif mutations in ENaC prevent Nedd4-2 from properly binding and suppressing ENaC, thus leading to increased ENaC abundance/function and excessive Na^+^ (and fluid) reabsorption in the kidney, causing hypertension. **(C)** Removal of Nedd4-2 in lung epithelia by gene knockout in mice leads to cystic fibrosis -- like lung disease due to excessive abundance/function of ENaC. **(D)** Aldosterone (or Angiotensin II, AngII?) stimulation of Sgk1 leads to Sgk1-mediated phosphorylation of Nedd4-2 on two sites, thus preventing Nedd4-2 from suppressing NCC and ENaC. This results in increased abundance/function of these Na^+^ absorbing proteins. In addition, phosphorylation of WNK4 by Sgk1 interferes with the ability of WNK4 to inhibit ENaC. Collectively, this leads to aldosterone-mediated increased in Na^+^ and fluid reabsorption in the kidney, hence to elevated blood pressure. **(E)** In PHAII, WNK4 mutants either divert NCC to the recycling pathway instead of lysosomal degradation, and/or enhance phosphorylation (and activation) of SPAK/OSR1 and hence of NCC. Both of these effects, coupled with loss of inhibition of ENaC by WNK4, lead to increased Na^+^ reabsorption (and paracellular Cl^−^ permeability) in the kidney, and hence to increased fluid absorption and hypertension. Mutant WNK4 also strongly suppresses ROMK, preventing K^+^ excretion and causing hyperkalemia. **(F)** Knockout of Nedd4-2 in the distal nephron leads to increased abundance and activation of NCC (and ENaC), causing hypertension and possibly mimicking features of PHAII.](fphys-03-00212-g001){#F1}

Given the salt-induced hypertension, metabolic alkalosis and hypokalemia observed in Liddle patients and in mice bearing the Liddle syndrome mutations in βENaC (Pradervand et al., [@B60]), one would expect that ablation of Nedd4-2 would result in a similar phenotype. Indeed, Yang and colleagues have recently generated Nedd4-2 (total) knockout mice and showed that these mice exhibit salt-induced hypertension (although milder than in the βENaC mutant mice) and cardiac hypertrophy, which were inhibited by amiloride (Shi et al., [@B66]; see below).

The suppressive effect of Nedd4-2 on ENaC led to a search for mutations or polymorphism is NEDD4L (Nedd4-2) in hypertensive patients. Although to date no mutations in NEDD4L have been identified, polymorphisms in that gene that contribute to the regulation of blood pressure by less efficiently suppressing ENaC, have been described (Dunn et al., [@B24]; Fouladkou et al., [@B29]; Araki et al., [@B4]; Luo et al., [@B53]). These Nedd4L variants cause a rather mild effect on ENaC (e.g., Fouladkou et al., [@B29]) and it is not known if they also affect the Na^+^/Cl^−^ cotransporter (NCC; see below).

As mentioned above, ENaC plays an important role in regulating salt/fluid absorption not only in the kidney, but also in the lung. Knockout mice that ablate αENaC (the key subunit in this channel) die at birth from an inability to clear their lungs of fluid (Hummler et al., [@B34]). In contrast, mice bearing a Liddle syndrome mutation demonstrate enhanced alveolar fluid clearance following pulmonary edema (Randrianarison et al., [@B61]).

An earlier study showed that (∼60%) knockdown of Nedd4-2 in rat lungs using RNA interference led to increased ENaC expression and to reduced extravascular lung fluid (Li et al., [@B45]). Indeed, a very recent study using genetic ablation of Nedd4-2 specifically in lung epithelia in mice has demonstrated elevated ENaC levels and function in lung epithelia harvested from these mice, leading to lung dehydration, massive sterile inflammation and mucus accumulation in the airways (Kimura et al., [@B42]); these features resemble those seen in the lungs of cystic fibrosis (CF) patients and also mimic the defects seen upon overexpression of βENaC in lung epithelia (Mall et al., [@B54]; see below). Moreover, they can be ameliorated by treatment of newborn knockout mice with the ENaC inhibitor amiloride (Kimura et al., [@B42]); These observations were also confirmed by a recent total knockout of Nedd4-2 in mice (Boase et al., [@B9]) using a different knockout approach than that described above by Shi et al. ([@B66]), where a lung phenotype was not described). In the Boase et al. ([@B9]) paper, systemic loss of Nedd4-2 led to neonatal death of many of the newborns, likely due to elevated ENaC activity (although no rescue studies were performed to confirm this), and surviving mice, on a different genetic background, exhibited a lung phenotype very similar to that observed by Kimura et al. ([@B42]), described above. Collectively, these recent studies demonstrate that Nedd4-2 normally suppresses ENaC function in the lung (Figure [1](#F1){ref-type="fig"}C), a function that is important both at birth and at later stages of life (Boase et al., [@B9]; Kimura et al., [@B42]), to ensure normal pulmonary salt and fluid homeostasis. The inhibition of ENaC by Nedd4-2 in the lung resembles the suppression of ENaC by CFTR in that tissue, although the mechanism for this suppression is different.

CFTR has been shown to inhibit ENaC function in the airways (Stutts et al., [@B76]; Boucher, [@B10]; although this notion has been debated; e.g., Itani et al., [@B37]). In CF, in which CFTR function (Cl^−^ secretion) is impaired, Na^+^ and fluid absorption are increased. This results in airway dehydration, mucus accumulation and repeated bacterial infections (Boucher, [@B10]; Donaldson and Boucher, [@B22]). Mall, Boucher and co-workers have provided strong support for this model, by demonstrating that overexpression of ENaC (βENaC) in mouse airways leads to a CF-like lung phenotype, which was ameliorated by treatment of the mice with amiloride early in neonatal life (Mall et al., [@B54]; Zhou et al., [@B89]). An important question arising from these experiments was, therefore, why do Liddle syndrome patients, exhibiting systemic excessive ENaC activity, not develop CF-like lung disease? One possible explanation (although likely not the only one) lies in the difference between CFTR expression levels in the lower airways of mice vs. humans. Unlike in humans, CFTR is only weakly expressed in the distal airways of mice (Mall et al., [@B55]), thus it may not be able adequately suppress the elevated levels of ENaC obtained upon overexpression of its β subunit (Mall et al., [@B54]) or upon knockout of Nedd4-2 (Kimura et al., [@B42]).

Nedd4-2 Participates in the Hormonal Regulation of ENaC
=======================================================

Aldosterone and vasopressin are hormones well known to regulate Na^+^ balance and blood pressure, and both enhance ENaC function. Serum and glucocorticoid-regulated kinase 1 (Sgk1, a gene/protein related to Akt; Webster et al., [@B78]) is an aldosterone and glucocorticoid responsive gene. Sgk1 enhances ENaC function primarily by increasing its levels at the plasma membrane in response to aldosterone (Alvarez de la Rosa et al., [@B3]; Chen et al., [@B15]; Naray-Fejes-Toth et al., [@B56]; Shigaev et al., [@B67]; Loffing et al., [@B50]). This increase is achieved (at least in part) by Sgk1-mediated phosphorylation of Nedd4-2 (Debonneville et al., [@B18]; Snyder et al., [@B72]). Such phosphorylation leads to recruitment of specific 14-3-3 isoforms (themselves induced by aldosterone; Liang et al., [@B46]) to the phosphorylated Nedd4-2 (Bhalla et al., [@B7]; Ichimura et al., [@B36]), resulting in blockade of the Nedd4-2:ENaC interactions and loss of the ability of Nedd4-2 to suppress ENaC (Debonneville et al., [@B18]; Snyder et al., [@B72]; Flores et al., [@B28]; Figure [1](#F1){ref-type="fig"}D). Thus, this represents an important mechanism (although not the only one -- see Alvarez de la Rosa et al., [@B3]; Shigaev et al., [@B67]; Auberson et al., [@B6]; Dahlmann et al., [@B17]; Diakov and Korbmacher, [@B19]; Fejes-Toth et al., [@B27]) by which aldosterone enhances ENaC function.

Much like Sgk1, PKA can also phosphorylate Nedd4-2 and prevent it from inhibiting ENaC (Snyder et al., [@B70]). Since PKA is activated by cAMP, which is generated by vasopressin release and binding to its V2 receptor, it is likely that vasopressin, like aldosterone, can increase ENaC cell surface abundance by inhibiting Nedd4-2. In addition, the hormone insulin (Lee et al., [@B44]) and the kinases IKKB (Edinger et al., [@B25]) and with no lysine 1 (WNK1; Xu et al., [@B83]) were also shown to up-regulate ENaC via the Sgk1/Nedd4-2 pathway. In contrast, AMPK enhances the interactions between Nedd4-2 and ENaC, leading to increased ENaC endocytosis and channel downregulation under metabolic stress (Carattino et al., [@B14]; Bhalla et al., [@B8]; Almaca et al., [@B2]). Moreover, the WNK4 kinase inhibits ENaC following its (WNK4) phosphorylation by Sgk1 (Ring et al., [@B62],[@B63]; Figure [1](#F1){ref-type="fig"}D). Mutations in WNK1 and WNK4 cause Pseudohypoaldosteronism Type II (PHAII), as detailed below.

Regulation of NCC by Nedd4-2
============================

The thiazide-sensitive NCC, encoded by the SLC12A3 gene, is expressed in the DCT of the nephron, and is known to play a critical role in the regulation Na^+^ and fluid transport (reviewed in Dimke, [@B20]). Ectopic expression of NCC in *Xenopus* oocytes and other cells leads to thiazide-sensitive Na^+^ uptake. This, together with the finding of expression of NCC in the DCT, suggests that this transporter plays an important role in regulation of salt and fluid balance. Indeed, Gitleman syndrome, a salt-losing disease exhibiting hypokalemic metabolic alkalosis, hypomagnesemia, and hypocalciuria, is caused by LOF mutations in NCC (*SLC12A3*; Simon et al., [@B69]).

NCC has been shown to be tightly regulated by several kinases, primarily by WNK 1 and 4, which regulate NCC trafficking and lysosomal sorting, phosphorylation, and function (Dimke, [@B20]; Figure [1](#F1){ref-type="fig"}A). Phosphorylation of several Ser/Thr residues on NCC appears to positively regulate its activity (Pacheco-Alvarez et al., [@B57]). Interestingly, a GOF mutation in WNK1, GOF or missense mutations in WNK4, all leading to elevated NCC function, cause PHAII (Figure [1](#F1){ref-type="fig"}E; Wilson et al., [@B80]; Lalioti et al., [@B43]; Kahle et al., [@B38]). PHAII is characterized by increased renal Na^+^ reabsorption (leading to hypertension), defective K^+^ secretion (hyperkalemia) and metabolic acidosis, exactly opposite to Gitleman syndrome. Treatment of PHAII patients with thiazide corrects these abnormalities, implicating excessive function of NCC as the culprit in this disease. Exactly how mutated WNK1 and WNK4 increase NCC function has been the subject of some debate. WNK4 was proposed to target NCC for lysosomal degradation (Subramanya et al., [@B77]), and accordingly, LOF mutations in WNK4 were shown to increase cell surface abundance of NCC (Wilson et al., [@B81]; Yang et al., [@B86]). Alternatively, it was proposed that WNK4 activates its substrates, the Ste20 kinases SPAK and OSR1, which in turn phosphorylate and activate NCC (Figure [1](#F1){ref-type="fig"}A). In GOF mutations in WNK4 that cause PHAII, this phosphorylation cascade is enhanced, leading to increased activation of NCC (Yang et al., [@B87]; Chiga et al., [@B16]; Figure [1](#F1){ref-type="fig"}E). Although this needs to be investigated further, it is possible that different mutations in WNK4 give rise to LOF or GOF, in either case leading to enhanced NCC function (by different routes; Figure [1](#F1){ref-type="fig"}E). Regarding WNK1, it was proposed to inhibit WNK4, hence a GOF WNK1 mutant found in PHAII was suggested to enhance suppression of WNK4, thus resulting in increased NCC function (Yang et al., [@B86]). Mutant WNK1 was also proposed to enhance phosphorylation of SPAK/OSR1, hence stimulating NCC phosphorylation and activation.

Using inducible conditional knockout of Nedd4-2 specifically in renal tubules of mice, it was recently shown that deletion of Nedd4-2 in this region of the distal nephron leads, in addition to an increase in abundance of ENaC, to a dramatic elevation in NCC protein expression and a reduction in aldosterone levels (Arroyo et al., [@B5]; Figure [1](#F1){ref-type="fig"}F). Moreover, Nedd4-2 was demonstrated (in Hek293 cells) to bind NCC, likely indirectly, and to promote NCC ubiquitylation and downregulation of its cell surface pool (Arroyo et al., [@B5]). This suggests that in the DCT, NCC is a major substrate for Nedd4-2. It is not clear why this elevated NCC expression was not detected in the Nedd4-2 total knockout mice generated by Shi et al. ([@B66]) using the same Nedd4-2 floxed mice for genetic crosses; possible explanations include differences in genetic background, differences in acute knockout (Arroyo et al., [@B5]) vs. chronic knockout (Shi et al., [@B66]), which could potentially allow compensation by other genes during development, or non-renal effects of total knockout of Nedd4-2 in the Shi et al. ([@B66]) mice.

The Nedd4-2-mediated suppression of NCC in the kidney involves Sgk1, which phosphorylates Nedd4-2 in response to aldosterone stimulation at two sites, thus inhibiting the ability of this E3 ligase to suppress NCC (Arroyo et al., [@B5]; Figure [1](#F1){ref-type="fig"}D). In this regard, the Nedd4-2 mediated downregulation of NCC is similar to its downregulation of ENaC, although unlike ENaC, NCC does not contains classic PY motifs and likely does not interact directly with Nedd4-2.

Thus, it is clear that Nedd4-2 is able to regulate more than one salt-absorbing targets/pathways, and this regulation is tissue-specific. For example, in the distal nephron, Nedd4-2 regulates the stability of NCC and that of ENaC (Arroyo et al., [@B5]), whereas in the lung ENaC is a major target for Nedd4-2 regulation (Boase et al., [@B9]; Kimura et al., [@B42]), as described above. Putative Nedd4-2 targets in other salt-absorbing epithelia is/are still unknown.

It is also apparent from the above studies that Sgk1 plays a very important role in regulating ENaC and NCC, via phosphorylation and hence inhibition of Nedd4-2 function. To confirm its importance *in vivo*, several groups have generated Sgk1 knockout mice. Both Wulff et al. ([@B82]) and Fejes-Toth et al. ([@B27]) generated total Sgk1 knockout mice, which exhibited salt-wasting phenotype under low salt diet, as well as reduced ENaC expression. The latter study also showed weaker expression of NCC (Fejes-Toth et al., [@B27]). In support, kidney-specific knockout of Sgk1 resulted in a salt-losing phenotype, especially under low salt diet, with hyperkaliuria and low blood pressure, and with reduced phosphorylation of Nedd4-2, leading to decreased expression of NCC (and to a lesser extent reduced expression of ENaC; Faresse et al., [@B26]). These findings underscore the importance of Sgk1 in regulating the Nedd4-2:NCC interactions, as well as the previously described Nedd4-2:ENaC interactions, in the kidney.

Summary/Perspective
===================

Recent knockout studies of Nedd4-2 in both the distal nephron and in lung epithelia have helped cement our understanding of the suppressive role of Nedd4-2 on ENaC, which was extensively studied earlier using cultured cells and *Xenopus* oocytes. Moreover, these *in vivo* knockout studies have uncovered a new unsuspected role for Nedd4-2 in suppressing NCC in the kidney. Collectively, these animal model studies have important implications to our understanding of human diseases, since total loss of Nedd4-2 leads to salt-induced hypertension, and its specific loss in lung epithelia results in CF-like lung disease. Additionally, given the large increase in NCC abundance in the kidney upon knockout Nedd4-2 specifically in the distal nephron, it may be speculated that such an increase could result in PHAII-like disease (Figure [1](#F1){ref-type="fig"}F). This needs to be confirmed experimentally. Identification of LOF mutations in *NEDD4L* in humans that are associated with PHAII (if ever identified) would further strengthen the current studies with knockout mouse models. Regardless, it is clear that Nedd4-2 plays a critical role in regulating salt and fluid balance in the body, by affecting Na^+^ and fluid absorption in organs such as the kidney and the lung. The very recent identification of mutations in the ubiquitin ligase *KLHL3/CUL3* that cause PHAII (Boyden et al., [@B11]; Louis-Dit-Picard et al., [@B51]), which lead to hypertension by affecting NCC abundance/function, further underscores the importance of E3 ubiquitin ligases in the regulation of body salt and fluid homeostasis.
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